Structural vibration control using a piezoelectric shunt is an established control technique. This technique involves connecting a piezoelectric patch, which is bonded onto or embedded into the vibrating structure, to an electric shunt circuit. Thus, vibration energy is converted into electrical energy and is dissipated through a network of electrical components. Different configurations of shunt have been researched, among which the negative capacitance-inductance shunt has gained prominence recently. It is basically an analog, active circuit consisting of operational amplifiers and passive elements to introduce real and imaginary impedance on the vibrating structure. The present study attempts to model the behavior of a negative capacitance-inductance shunt in terms of power output and efficiency using circuit modeling software. The shunt model is validated experimentally and is used to control the structural vibration of an aluminum beam, connected to a pair of piezoelectric patches, under broadband excitation. The model is also used to determine the optimal parameters of a negative capacitance-inductance shunt to increase the efficiency and predict the voltage output limit of op-amp against the supply voltage.
Introduction
Structural vibration control is important for many reasons, showing prominence in the aerospace field [1] [2] [3] [4] [5] .
A simple yet effective way of controlling structural vibration is by using piezoelectric patches, either bonded onto or embedded into the vibrating structure, and shunted by an electrical circuit. In piezoelectric shunt damping (PSD), vibration energy is converted into an electrical current and is dissipated through a network of electrical components [6] [7] [8] [9] . The direct piezoelectric effect causes the generation of electrical energy in response to the deformation of the piezoelectric patch due to the vibration of the mechanical host structure. On the other hand, in the inverse piezoelectric effect, the piezoelectric patch generates an opposite force on the mechanical vibrating structure when electrical energy is applied to the patch.
The attenuation of structural vibrations requires the accurate design of shunt circuits to counteract the mechanical vibrations and dissipate energy effectively. Forward [7] was the first to propose the idea of using electrical shunt circuits connected to a piezoelectric patch transducer for structural vibration control. An inductive(LC) shunt circuit was used for narrow-band attenuation of resonant mechanical excitation. The inherent capacitive reactance of piezoelectric transducer was cancelled through the inductive shunt for vibration attenuation. Later, Hagood and von Flotow [8] found a correlation between the operation of the LC resonant shunt and a tuned mass damper. They also extended this work to include a resistive element in the existing LC shunt circuit, to make a RLC tuned shunt circuit. Vibration attenuation associated with a particular mode was achieved by adopting an appropriate value of R, and choosing the value of L according to the following equation:
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. Flotow [8] inspired other researchers to address a variety of similar problems. For example, Wu [10] suggested that if a series RL shunt is replaced with a parallel shunt, similar damping performance is achieved with the added benefit of performance that is less sensitive to changes in the resistive element. However, the control performance of the resonant shunt is limited to narrowband vibration attenuation, i.e. at or near the electrical resonance [10] [11] [12] [13] . Many different techniques have been used by extending single mode shunts to multiple modes [14] [15] [16] [17] [18] . However, the solutions are experimentally difficult to obtain and are also non-adaptive in nature. Therefore, other methods of designing broadband shunts need to be explored.
A simple shunt damping technique, which has shown success in controlling structural vibration over a wide frequency band, is the negative capacitance shunt [19] [20] [21] [22] [23] 30, 31] . Although, inherently, it is a feedback control technique [21] , many researchers have used the negative capacitance shunt to cancel the inherent capacitance of the piezoelectric patch in order to increase the power dissipation in the resistive element [19, 24, 25] . The negative capacitive shunt can be synthetically reproduced by using negative impedance circuits. It is basically an active element due to the use of operational amplifiers, which tend to make this shunt unstable if not tuned
properly. Previous studies have shown that the negative capacitance in the electrical network artificially increases the electromechancial coupling coefficient of the piezoelectric transducer [7, 26] . This results in a broader frequency range and higher power dissipation. Recently, Beck et al. [27] used a negative capacitance shunt to effectively control the vibration of a flexural system under broadband excitation. The (1) Here, ω i is the angular resonant frequency of the ith mode of the vibrating structure and C p is the capacitance of the piezoelectric transducer. The work of Hagood and von Flotow [8] inspired other researchers to address a variety of similar problems. For example, Wu [10] suggested that if a series RL shunt is replaced with a parallel shunt, similar damping performance is achieved with the added benefit of performance that is less sensitive to changes in the resistive element. However, the control performance of the resonant shunt is limited to narrow-band vibration attenuation, i.e. at or near the electrical resonance [10] [11] [12] [13] . Many different techniques have been used by extending single mode shunts to multiple modes [14] [15] [16] [17] [18] . However, the solutions are experimentally difficult to obtain and are also non-adaptive in nature. Therefore, other methods of designing broadband shunts need to be explored.
A simple shunt damping technique, which has shown success in controlling structural vibration over a wide frequency band, is the negative capacitance shunt [19] [20] [21] [22] [23] 30, 31] . Although, inherently, it is a feedback control technique [21] , many researchers have used the negative capacitance shunt to cancel the inherent capacitance of the piezoelectric patch in order to increase the power dissipation in the resistive element [19, 24, 25] . The negative capacitive shunt can be synthetically reproduced by using negative impedance circuits. It is basically an active element due to the use of operational amplifiers, which tend to make this shunt unstable if not tuned properly. Previous studies have shown that the negative capacitance in the electrical network artificially increases the electromechancial coupling coefficient of the piezoelectric transducer [7, 26] . This results in a broader frequency range and higher power dissipation. Recently, Beck et al. [27] used a negative capacitance shunt to effectively control the vibration of a flexural system under broadband excitation. The effect of the negative capacitance shunt on the behavior of an electromechanical system consisting of a pair of piezoelectric patches attached to an aluminum beam was studied in detail. The electrical power output of the shunt and the electrical properties of the piezoelectric patch pair were modeled using a circuit modeling software (National Instruments Multisim) and then validated experimentally. A correlation was developed between the power output of the shunt circuit and the amount of vibration suppression, which allowed for better circuit design.
The present study will attempt to extend the studies of Beck et al. [27] by including the effect of inductance in the negative capacitance shunt damping. A synthetic inductor will be used instead of the coil wound inductor in order to conveniently tune the value of inductance and to achieve a high quality factor. According to Eq. (1), in order to damp low frequency vibration, the value of inductance needs to be very large, which is difficult to realize from coil wound inductors. Therefore, a synthetic inductor is used, which is realized with an electronic active circuit comprising operational amplifiers and passive components. The power output and efficiency of a negative capacitanceinductance shunt will be discussed in terms of the change in the shunt parameters to determine how the power output of the circuit affects the control performance of the electromechanical vibration system. First, an analytical model of the negative capacitance-inductance shunt will be developed according to the negative capacitance model presented by Beck et al. [27] , which is motivated by control theory. Circuit modeling and experimental analysis is then carried out for both negative capacitance and negative capacitance-inductance shunts. The electrical models will be verified through experiments, depicting their accuracy in predicting the actual results obtained from measurements of negative capacitance and negative capacitanceinductance shunts. A correlation between the output circuit power and the amount of vibration attenuation will also be presented for both the negative capacitance shunt and negative capacitance-inductance shunt circuits, in order to suggest a better circuit design. In order to demonstrate that the proposed negative capacitance-inductance shunt gives better control results than the negative capacitance shunt of Beck et al. [27] , an aluminum beam containing a piezoelectric patch pair and shunted by the negative capacitance and negative capacitance-inductance shunt circuits, respectively, will be analyzed experimentally. Next, improvements in the efficiency of the negative capacitanceinductance shunt will be explored by altering the circuit parameters and determining the optimum power output of the operational amplifier (op-amp). Finally, limitations of the op-amp in terms of its output power and supply voltage will be discussed. The paper will then finish with a conclusion.
Negative Capacitance-Inductance Shunt
A negative capacitance shunt is basically described by a negative impedance converter as shown in Fig. 1 [28] . It is an active storage element due to the use of an operational amplifier in combination with passive elements. Thus, a particular negative impedance can be produced by varying the values of Z 3 and Z 4 . The circuit's input impedance can be (2) and the impedance of the ��� circuit element is:
The negative capacitance circuit as shown in Fig. 2 will be used in this study. Its input impedance is given by:
The resistor � � is important for the stability of the op-amp at DC, but as its size is large, it can be taken as negligible [27] . Therefore, Eq. (4) can be simplified to:
Thus, the negative capacitance value after rearranging the above equation is:
and the impedance of the ith circuit element is: 
and the impedance of the ��� circuit element is:
The negative capacitance circuit as shown in Fig. 2 will be used in this study. Its input impedance is given by: 
The resistor R 2 is important for the stability of the op-amp at DC, but as its size is large, it can be taken as negligible [27] . Therefore, Eq. (4) can be simplified to: 
Thus, the negative capacitance value after rearranging the above equation is: 
where C 2 is the reference capacitor.
As mentioned in Section 1, a synthetic inductor is used in this work instead of a coil wound physical inductor. This is because the coil wound inductors could be of large size, requiring high inductance values for low frequency vibration control according to Eq. (1), which is difficult to realize practically, especially for low frequency aerospace applications, where weight could have a negative effect on the performance and efficiency. Also, reducing the size of the coil inductor reduces inductance and the quality factor. The synthetic inductor used in this study is based on Riordan-type inductor [29] and is shown in Fig. 3 . The input impedance Z Ls of the circuit is equivalent to: 6 especially for low frequency aerospace applications, where weight could have a negative effect on the performance and efficiency. Also, reducing the size of the coil inductor reduces inductance and the quality factor. The synthetic inductor used in this study is based on Riordan-type inductor [29] and is shown in Fig. 3 . The input impedance � � � of the circuit is equivalent to:
The equivalent inductance of the synthetic 
The equivalent inductance of the synthetic circuit L s =R 10 R 11 C i R 13 /R 12 , where R 13 is the adjustable resistance for inductance tuning. By carefully selecting the impedance values of the circuit elements of the synthetic inductor, the electrical quality factor Q i can be adjusted in a certain range. Figure 4 shows the complete negative capacitanceinductance shunt, which includes a negative capacitor, a resistor, and an inductor in series with the electrical model of a piezoelectric patch. The electrical model of a piezoelectric patch is represented by a capacitor and a strain-induced voltage source. The magnitude of the voltage source is strongly dependent on the amount of strain produced by the vibrating structure on which this piezoelectric patch is attached. Therefore, this value will be strongly dependent on frequency for a particular system [27] . The total impedance of negative capacitance-inductance shunt shown in Fig. 4 is: vibrating structure on which this piezoelectric patch is attached. Therefore, this value will be strongly dependent on frequency for a particular system [27] .
The total impedance of negative capacitance-inductance shunt shown in Fig.   4 is:
To validate the numerical circuit with the experiment, the negative capacitance circuit is constructed by using an OPA445AP operational amplifier. The negative capacitance value is varied by changing the potentiometer value for the resistance ratio�� � � � ⁄ according to Eq. (6). The series (8) To validate the numerical circuit with the experiment, the negative capacitance circuit is constructed by using an OPA445AP operational amplifier. The negative capacitance value is varied by changing the potentiometer value for the resistance ratio R 4 /R 3 according to Eq. (6). The series resistor R s is also a potentiometer for straightforward and continuous adjustment. On the other hand, the series inductor L s is constructed by using two OPA445AP operational amplifiers along with four resistances as shown in Fig. 3 . The inductance value is varied by changing the potentiometer value for the resistance R 13 according to Eq. (7).
The circuit shown in Fig. (4) also leads to the calculation of shunt power. Since the piezoelectric patch, negative capacitor, series resistor, and inductor are all in series, the current within the circuit can be calculated as: (9) and the voltage across the shunt circuit is:
Therefore, the shunt power is given by:
This equation is similar to that in Beck et al. [27] , with the exception that the additional effect of a series synthetic inductor has been considered here in the shunt impedance � �� .
Numerical Modeling of Negative

Capacitance-Inductance Shunt Circuit
The circuit model is designed in National Instruments Multisim as shown in 
and the voltage across the shunt circuit is:
This equation is similar to that in Beck et al.
[27], with the exception that the additional effect of a series synthetic inductor has been considered here in the shunt impedance � �� .
Numerical Modeling of Negative
Capacitance-Inductance Shunt Circuit
The circuit model is designed in National Instruments Multisim as shown in Therefore, the shunt power is given by:
necessary for experimental impl This equation is similar to that in Beck et al. [27] , with the exception that the additional effect of a series synthetic inductor has been considered here in the shunt impedance Z sh .
Numerical Modeling of Negative Capacitance-Inductance Shunt Circuit
The circuit model is designed in National Instruments Multisim as shown in Fig. 5 , in accordance with the scheme used by Beck et al. [27] . This model consists of a piezoelectric patch connected in series to a negative capacitanceinductance shunt. The piezoelectric patch is modeled using its electrical equivalent model, which is comprised of a capacitor C p and strain-induced voltage V 1 .
This model includes all the components necessary for experimental implementation. A manufacturer provided electrical model of op-amp is also included to accurately simulate its electrical behavior. The impedances of two voltage probes, V 2 and V 3 , are also added to the circuit in order to accurately compare the experimental and simulated circuit response. The voltage probe V 2 is used to determine the output current of op-amp U 1 by measuring the voltage drop across the small resistor R I . On the other hand, voltage probe V 3 is used to measure the output voltage of op-amp U 1 , which is consistent with the probe used in experiments. The temporal response of the model is measured by a virtual oscilloscope, while the frequency response of the model is obtained by using the AC circuit analyzer included in the Multisim software.
The impedance of the circuit model is found by dividing the voltage V 3 by the current through the series resistance R s , i.e.: 
where represents the simulated impedance.
Beck et al. [27] defined the efficiency of the negative capacitive shunt as: (13) where is the power output of the shunt and is the power supplied by the op-amp . This equation (13) 
Here, is the total voltage across the full shunt circuit and is the current through the series resistor , as shown in Fig.5 .
Experimental Setup and Control
Scheme
To verify the electrical model as shown in Fig. 5 , experiments were performed on a cantilever aluminum beam with a pair of piezoelectric patches attached. Fig. 6 shows all the necessary equipment, their configuration and experimental setup, while (12) where Z sim represents the simulated impedance. Beck et al. [27] defined the efficiency of the negative capacitive shunt as: 
Experimental Setup and Control Scheme
To verify the electrical model as shown in Fig. 5 , experiments were performed on a cantilever aluminum beam with a pair of piezoelectric patches attached. Fig. 6 shows all the necessary equipment, their configuration and experimental setup, while (13) where S shunt is the power output of the shunt and S op-amp is the power supplied by the op-amp U 1 . This equation (13) will also be used here to investigate the change in efficiency of the negative capacitance-inductance shunt for control of structural vibration under broadband excitation. The power output of the shunt can be calculated by: 
Experimental Setup and Control
Scheme
To verify the electrical model as shown 
Here, V 4 is the total voltage across the full shunt circuit and I Rs is the current through the series resistor R s , as shown in 
Experimental Setup and Control Scheme
To verify the electrical model as shown in Fig. 5 , experiments were performed on a cantilever aluminum beam with a pair of piezoelectric patches attached. Fig. 6 shows all the necessary equipment, their configuration and experimental setup, while Table 1 lists the beam and piezoelectric patch properties and dimensions. A Tektronix function generator is used to give a short sine sweep signal in order to excite the frequency range of interest. A frequency range of 1 to 500 Hz is selected according to the piezostructural configuration, with the first four frequency modes lying in this frequency range. This enabled us to properly identify the frequency modes using FFT analysis in order to investigate the control performance of the shunt circuit under different parameters; this will be discussed in the next section. The piezostructure is subjected to base excitation, as is usually the case in many aerospace structures. The tip response of the cantilever beam is measured by an Optex FA laser sensor. This information is then fed into the computer with a National Instruments PCIe-7842R RIO device for signal processing using Labview software. The piezoelectric patch pair is connected to the shunt circuit and its response is analyzed for different circuit parameters under broadband excitation.
To measure the electrical behavior of the shunt circuit during the control of a cantilever beam, the method as [27] will be used here and is described again for convenience. In this method, the key parameter of interest is the power output of the operational amplifier. Fig. 7 shows the full negative capacitance-inductance shunt circuit with measurement probe locations used for experimental validation. The output voltage of op-amp U 1 is measured using a voltage probe at location V 3 , while the current is measured by determining the voltage drop over a small resistor R I placed at the output pin of the op-amp U 1 . The complex power output of op-amp U 1 is given by: 
where the current is:
and the voltage drop across the resistor � � is:
The complex power can be expressed as:
where � is the complex power and � is the reactive power, while the apparent power is the magnitude of the complex power, i.e. |�|.
Results and Discussion
Model Verification Through Experimentation
For verification of the model, the procedure as described by Beck et al. [27] is followed to measure the power output of opamp � � , both numerically and experimentally, for the full negative capacitance shunt (Fig. 7 excluding � � ) and (15) where the current is: 
Results and Discussion
Model Verification Through Experimentation
For verification of the model, the procedure as described by Beck et al. [27] is followed to measure the power output of opamp � � , both numerically and experimentally, for the full negative capacitance shunt (Fig. 7 excluding � � ) and (16) and the voltage drop across the resistor R I is: 
Results and Discussion
Model Verification Through Experimentation
For verification of the model, the procedure as described by Beck et al. [27] is followed to measure the power output of opamp � � , both numerically and experimentally, for the full negative capacitance shunt (Fig. 7 excluding � � ) and
The complex power can be expressed as: 
Results and Discussion
Model Verification Through Experimentation
For verification of the model, the procedure as described by Beck et al. [27] is followed to measure the power output of opamp � � , both numerically and experimentally, for the full negative capacitance shunt (Fig. 7 excluding � � ) and (18) where P is the real power and Q is the reactive power, while the apparent power is the magnitude of the complex power, i.e. |S|.
Results and Discussion
Model Verification Through Experimentation
For verification of the model, the procedure as described by Beck et al. [27] is followed to measure the power output of op-amp U 1 , both numerically and experimentally, for the full negative capacitance shunt (Fig. 7 excluding L s ) and full negative capacitance-inductance shunt (Fig. 7) . For this purpose, four values of series resistance R s , three values of series inductance L s , and three values of negative capacitance C n were used. Table 2 shows the circuit parameters used for simulations and experiments.
Full Negative Capacitance Shunt
Simulations and experiments were performed for the full negative capacitance shunt to measure the power output of op-amp U 1 , for four different values of series resistance R s at constant negative capacitance C n =-134.23, as shown in Figs. 8 and 9 , respectively. Both the model solution and the experimental measurement of power are normalized with respect to the power of the piezoelectric patch in the absence of any shunt attached, as suggested by Beck et al. [27] . Eq. (19) gives the power of the piezoelectric patch when no shunt is attached, i.e. frequencies, i.e. < 2 Hz, the power output of op-amp for all the four resistances is similar. For higher frequencies, 75 ohm and 300 ohm resistances showed an increase in the output power, while the 1200 ohm and 4800 ohm resistances showed a decrease in the output power. After approximately 100 Hz, the power output for all the resistances is stable and constant. Similar to the results of Beck et al. [27] , the phase of power is not changed for different resistance values, which indicates that the series resistor only affects the bandwidth of the gain of negative capacitance shunt and does not affect its impedance. Figure 10 presents the tip response of the aluminum cantilever beam for the four values of series resistance R s of the negative capacitance shunt along with the uncontrolled response. The first four resonance frequencies are clearly visible in the frequency range of interest. Few small peaks are observed at higher frequencies, which may be due to the higher order harmonics of the first resonance mode. From Fig. 10 it is clear that series resistance R s affects the amount of vibration suppression at different resonance modes. For the first resonance mode around 10 Hz, the 300 ohm resistor results in the greatest attenuation, while the 75 ohm resistor performed better than other resistors for higher modes. It should be noted that a certain level of power output does not necessarily correlate to more control, especially at low frequencies. This may be observed from the examination of Figs. 8, 9, and 10 for the first resonance frequency at around 10 Hz. In Figs. 8 and 9 , the 75 ohm resistor results in the highest output power, while the amount of vibration suppression achieved from this resistor is lower than the 300 ohm resistor, as shown in Fig. 10 . The control performance in terms of the displacement magnitude (dB) of full the negative capacitance shunt for four values of series resistance R s is shown in Table  3 . The total apparent power output of op-amp for the four values of series resistor R s is shown in Table 4 . From Table 4, it is clear that the total apparent power increases as the series resistance R s decreases. Also, the overall response of the beam decreases with the increase in the apparent power for broadband vibration control. Therefore, to achieve more vibration suppression, it is necessary to increase the apparent power output of op-amp for the frequency range of interest. Figures 11 and 12 show the normalized power output and phase plots of op-amp U 1 for three values of negative capacitance and constant series resistance of 300 ohm. Again, the simulated and experimental plots are equivalent, which verifies the full negative capacitance shunt model with the experiment. A comparison of Figs. 11 and 12 with Figs. 8 and 9 suggests that, in contrast to changing the resistance values, changing the negative capacitance values has a greater effect on the output power magnitude of op-amp at low frequencies, while for higher frequencies, this change has little effect. Similar to the resistance case of Figs. 8 and 9, the phase of the power remains the same for different negative capacitance values. The tip response of the beam is shown in Fig. 13 , which shows that vibration suppression increases with the decrease in the negative capacitance values. Table  5 shows the control performance in terms of displacement magnitude (dB) of the full negative capacitance shunt for three values of negative capacitance. A comparison of Figs. 11 and 12 with Fig. 13 suggests that the vibration suppression from Fig. 13 does not follow the trend observed in Figs. 11 and 12. That is, at low frequencies, the power output is less than that of the higher frequencies, while Fig. 13 suggests that vibration suppression is greater at low frequencies than at high frequencies. This again demonstrates that a certain level of power output does not necessarily correlate to greater control. The total apparent power output of op-amp for three values of negative capacitance is shown in Table 6 . This Table shows that the negative capacitance value which is near to the piezoelectric patch capacitance has the greatest total apparent power output of op-amp. Increasing the negative capacitance value to greater than this value decreases the total apparent power output of op-amp. From the above discussion, it is clear that the series resistor works best for high frequency vibration control, while the negative capacitance gives better results for low frequency vibration suppression. Thus, in conclusion it can be said that if a negative capacitance shunt circuit is to be used for the control of broadband vibration, a circuit model needs to be used to select the appropriate circuit parameters for best damping performance.
Full Negative Capacitance-Inductance Shunt
The normalized simulated and experimental output power and phase plots of op-amp U 1 for four values of series resistance R s at constant negative capacitance C n =-134. 23 Figs. 8, 9 , and 10 respectively. In other words, the 300 ohm resistor has the greatest suppression for the first resonance mode, while the 75 ohm resistor performed better than the other resistors for the remaining modes in the frequency range of interest. This is also clear from Table 7 , which shows the control performance in terms of the displacement magnitude (dB) of the full negative capacitance-inductance shunt for the four values of series resistance. An examination of the first resonance mode near 10 Hz from Figs. 14, 15, and 16 suggests that the 300 ohm resistor has the greatest suppression at this frequency, while the corresponding power output of op-amp is lower than that from the 75 ohm resistor. This supports the earlier argument that greater power output of op-amp does not necessarily mean greater vibration suppression at that particular frequency. The total apparent power output of op-amp for the four values of series resistor R s is shown in Table 8 . This table shows that the total apparent power output decreases with the increase in resistor value i.e. the 4800 ohm has the least apparent power output while the 75 ohm has the highest. This trend is similar to that witnessed Table 7 . Control performance in terms of displacement magnitude (dB) of full negative capacitance-inductance shunt for four values of series resistance Rs. for the full negative capacitance shunt. The phase plots of the output power are the same for all the resistor values, which indicates that the series resistor only affects the bandwidth of the gain of the negative capacitance-inductance shunt circuit, but does not affect its impedance. Figures 17 and 18 show the simulated and experimental normalized power output of op-amp U 1 , respectively, for three negative capacitance values at constant resistance R s =300 ohm and inductance L s =1.90 H. These two plots are similar, which verifies the full negative capacitanceinductance shunt model with the experiment. Again, the phase of the power is not affected by the negative capacitance. A comparison of Figs. 17 and 18 with Figs. 14 and 15 suggests that in contrast to changing the resistance values, changing the negative capacitance values has a greater effect on the output power magnitude of op-amp at low frequencies, while for the higher frequencies, this change has little effect. This was also observed for the case of the full negative capacitance shunt. Similar to the resistance cases of Figs. 14 and 15, the phase of the power remains the same for different negative capacitance values. The tip response of the beam is shown in Fig. 19 , which shows that vibration suppression increases with the decrease in the negative capacitance values. Table 9 shows the control performance in terms of the displacement magnitude (dB) of the full negative capacitance-inductance shunt for three values of negative capacitance. A comparison of Figs. 17 and 18 with Fig. 19 suggest that the vibration suppression from Fig. 19 does not follow the trend observed in Figs. 17  and 18 . That is, at low frequencies, the power output is less than that at the higher frequencies, while Fig. 19 suggests that vibration suppression is greater at low frequencies than at high frequencies. This again reveals that a certain level of power output does not necessarily correlate to greater control. The total apparent power output of opamp for three values of negative capacitance is shown in Fig. 17 . Simulated normalized power output of the op-amp, amplitude and phase, for three values of negative capacitance C n for full negative capacitance-inductance shunt. Table 10 . This Table shows that the negative capacitance value, which is close to the piezoelectric patch capacitance, has the greatest total apparent power output of op-amp. Increasing the negative capacitance value to greater than this value decreases the total apparent power output of opamp. Figures 20 and 21 show the simulated and experimental normalized power output, respectively, of op-amp U 1 for three series inductance values at constant resistance R s =300 ohm and negative capacitance C n =-134.23. These two plots are similar, which verifies the full negative capacitance-inductance shunt model with the experiment. Again, the phase of the power is not affected by the series Fig. 18 . Experimental normalized power output of the op-amp, amplitude and phase, for three values of negative capacitance C n for full negative capacitance-inductance shunt. Figs. 17 and 18 . Also, the power output for an inductance of 1.90 H is much larger than that of the other two inductances, i.e. 0.66 H and 1.08 H, which remain close to each other throughout the frequency range of interest. The much higher power output for an inductance of 1.90 H for very low frequencies is attributed to the high inductance value as compared to the other two inductance values of 0.66 H and 1.08 H, respectively. The tip response of a beam is shown in Fig. 22 , which indicates that the vibration suppression increases with the increase in the inductance values, especially for low frequencies. This is also verified from Eq. (1), which indicates that for low frequency vibration suppression, the value of inductance needs to be high. As mentioned previously, a certain level of power output does not necessarily correlate to more 60 Fig. 19 . Tip response of the cantilever beam for three values of negative capacitance C n for full negative capacitance-inductance shunt. Int'l J. of Aeronautical & Space Sci. 16 (2) , 223-246 (2015) control. This argument is verified from the examination of Fig. 21 , which indicates that the output power of op-amp for the inductances of 0.66 H and 1.08 is exactly the same at the frequency of 4 Hz, while the control performance of 1.08 H is better than 0.66 H at the same frequency (see Fig. 22 ). Table 11 shows the control performance in terms of the displacement magnitude (dB) of the full negative capacitance-inductance shunt for three values of series inductance. The total apparent power output of op-amp for the three values of series inductance is shown in Table   12 . This table shows that the total apparent power output increases with the increase in inductor value, i.e. the 1.90 H inductor has the highest apparent power output followed In order to demonstrate the better vibration control performance of the proposed shunt, the tip response of the beam is obtained for the full negative capacitance shunt and full negative capacitance-inductance shunt circuits as shown in Fig. 23 . Table 13 indicates the control performance in terms of the displacement magnitude (dB) of full negative capacitance and the full negative capacitanceinductance shunt. Both Fig. 23 and Table 13 clearly indicate better vibration attenuation of the beam using the full negative capacitance-inductance shunt compared to using the full negative capacitance shunt. Although the vibration attenuation obtained from the negative capacitance shunt is larger than that obtained from the negative capacitanceinductance shunt for the third resonant mode, the overall performance of the negative capacitance-inductance shunt is still considerably superior to the negative capacitance shunt for the control of the beam under broadband excitation.
It is also important to note that for the full negative capacitance shunt circuit, in order to reduce the first resonant mode by 14.23 dB, the change of resistor values from 4800 ohm to 75 ohm requires more power than that required by the change of negative capacitance values from -142.42 nF to -134.23 nF, as is apparent from Tables 4  and 6 , respectively. Thus, in order to achieve low frequency vibration suppression, it is suggested that the negative capacitor values are changed instead of the series resistor values, which are more effective for high frequency vibration control.
For the full negative capacitance-inductance shunt circuit, in order to reduce the first resonant mode by 19.72 dB, the change of resistor values from 4800 ohm to 75 ohm require more power followed by the change of inductor from 1.90 H to 0.66 H and the change of negative capacitance values from -142.42 nF to -134.23 nF respectively, as is apparent from Tables 8, 10 , and 12. Therefore, when the negative capacitance-inductance shunt is to be used for vibration suppression, it is recommended that both the negative capacitor values and the inductor values are changed when the focus is on low frequency vibration control, while for high frequency vibration suppression, the change of resistor values is more feasible.
Efficiency of the Negative Capacitance-Inductance Shunt Circuit
As shown above, the shunt model accurately predicts the power output behavior of a negative capacitanceinductance shunt. Therefore, it can be used to investigate the improvement in the shunt efficiency as given by equation (13) . As discussed by Beck et al. [27] , the efficiency of the shunt can be increased only by decreasing the power output of op-amp as the power output of a shunt cannot change for a desired negative capacitance shunt impedance to produce control. The same methodology is also adopted here for the case of efficiency investigations of the negative capacitance-inductance shunt. Thus, through the use of equation (11) us to alter the resistance ratio R 4 /R 3 , to alter the adjustable resistance R 13 (Eq. 7), to change the reference capacitance C 2 , and to change the capacitance for synthetic inductance, i.e. C i (Eq. 7), without changing the impedance of the shunt. Therefore, the power output of op-amp will first be investigated by changing the total potentiometer resistance given by Eqs. (20) and (21) as shown below. The effect of changing the reference capacitor C 2 and capacitance for synthetic inductance, i.e. C i , on the power output of opamp will then be investigated for the improvement of negative capacitance-inductance shunt efficiency. These investigations are performed using a resistance of 300 ohm, an inductance of 1.90 H, and a negative capacitance of -134.23 nF. Therefore, in order to achieve the higher power output efficiency of a negative capacitance-inductance shunt, it is necessary to use higher potentiometer values while the values of the reference capacitor and the capacitor for the synthetic inductance should be kept near to the patch capacitance.
Limitations of the Negative
Capacitance-Inductance Shunt Circuit
As the negative capacitance-inductance shunt circuit modeled the behavior of the (21) Figure 24 shows that power changes significantly by changing the values of R pot , with the maximum potentiometer i.e. 1000k ohm giving the least power output. The phase plot of the power for this potentiometer is also close to that of an ideal negative capacitor i.e. -π/2 rad. Similarly, from Fig. 25 it is clear that the power changes significantly by reducing the values of R pot1 with the maximum potentiometer, i.e. 1000k ohm, giving the least power output. The phase plot of the power for this potentiometer is also close to that of an ideal inductor i.e. π/2 rad. The power output for four values of reference capacitor C 2 and four values of capacitance for synthetic inductance C i is shown in Figs. 26 and 27 respectively. From Figs. 26 and 27 , it is clear that C 2 and C i do not change the power output of the op-amp as much as the potentiometers R pot and R pot1 . Fig. 26 indicates that although a 220 nF reference capacitor has the lowest power output for the full negative capacitance-inductance shunt system, the 110 nF reference capacitor still has a phase that is closest to -π/2 rad for all frequencies. Fig. 27 indicates that a 100 nF capacitor has the lowest power output with the phase also closest to π/2 rad for the frequency range of interest. Therefore, in order to achieve the higher power output efficiency of a negative capacitance-inductance shunt, it is necessary to use higher potentiometer values while the values of the reference capacitor and the capacitor for the synthetic inductance should be kept near to the patch capacitance.
Limitations of the Negative Capacitance-Inductance Shunt Circuit
As the negative capacitance-inductance shunt circuit modeled the behavior of the op-amp accurately, it is important to determine its limitations to achieve a linear response for a given disturbance. Fig. 28 shows the normalized output voltage of op-amp verses frequency for four values of series resistance R s at a constant inductance of 1.90 H and negative capacitance of -134.23 nF. The maximum value of the output voltage moves to a higher frequency with the decrease in the series resistance values. Also, the peak values of all the resistances are observed to be the same. Fig. 29 shows the normalized output voltage of op-amp versus frequency for three values of negative capacitance C n at a constant series resistance of 300 ohm and series inductance of 1.90 H. The output voltage increases with the decrease in the negative capacitance values. It peaks exponentially for the negative capacitance value, which is closer to the piezoelectric patch capacitance. Fig. 30 shows the normalized output voltage of op-amp versus frequency for three values of series inductance L s at a constant series resistance of 300 ohm and negative capacitance of -134.23 nF. The output voltage increases with the increase in the series inductance values, and peaks exponentially for the inductance of 1.90 H. Therefore, in conclusion, the voltage response of the op-amp is more sensitive to the changes in the negative capacitance and series inductance values than the changes in the series resistance values. Also, in order to determine the peak output voltage of the op-amp, it is recommended to refer to the negative capacitance and series inductance values rather than to the series resistance values. For this purpose, the value of negative capacitance that is closer to the piezoelectric patch capacitance C p and the largest series inductance value will always give better results in terms of maximum op-amp voltage output. The power supplied to the op-amp for its operation is also important to obtain a proper response of the negative capacitance-inductance shunt circuit. Since we used linear and harmonic assumptions for our analysis of the circuit response, as shown in Fig. 31 , the response of the circuit may become nonlinear if the op-amp output voltage approaches the supply voltage V ss because of the output voltage limit of op-amp. Fig. 31 shows the output voltage of op-amp for four values of supply voltage V ss at a single frequency of 25 Hz. For the supply voltage of 40 V and 20 V, the response is normal; however, when the supply voltage is decreased to 15 V, the amplitude of the response decreases due to the clipping effect. For the 10 V power supply, the circuit behaves like an unstable circuit. Therefore, when a negative capacitanceinductance shunt is to be used for control of broadband disturbances, it is important to use a circuit model to determine its proper parameters and the supply voltage in order to achieve a linear response with better control performance.
Conclusion
A negative capacitance-inductance shunt was modeled and verified experimentally for vibration control of a piezostructure under broadband excitations. The power output and efficiency of the shunt were fully investigated and discussed. It was shown that the power output of op-amp is accurately predicted by a circuit model of a piezoelectric patch connected to a negative capacitance-inductance shunt. The negative capacitance-inductance shunt was also compared to the negative capacitance shunt to show its better performance for the control of a cantilever beam subjected to wideband frequency disturbances. Moreover, it was shown that the efficiency of the negative capacitanceinductance shunt can be improved by determining the optimal potentiometer, while keeping the reference capacitor and capacitor for synthetic inductor values closer to that of the piezoelectric patch capacitance. The model also predicted the output voltage limits of op-amp against the supply voltage to obtain a linear response for a given disturbance.
